Contour bank farming is a well-known agricultural management technique in areas which are characterised by intensive and erosive rainfalls. Contour banks are designed to reduce the flow velocity of overland flow and to intercept water before it concentrates in rills, thereby reducing the risk of soil erosion and land degradation. By their structure, contour banks noticeably impact surface runoff pattern both temporally and spatially. Also subsurface flow may be affected by contour banks.
INTRODUCTION
Due to low annual precipitation volumes and the high spatio-temporal variability in precipitation, semi-arid areas are often challenged by limited water resources. In addition population growth, increasing per capita water demand and large scale irrigation practices result in further pressure being placed on water resources. This occurs particularly in areas which experience inadequate land management practices and the combined effect of these factors often causes severe environmental problems such as desertification and droughts, soil erosion and salinisation and the loss of biodiversity (Hughes ; Wheater ).
To better understand and assess such impacts, innovative tools are required, which aim to sustainably manage the limited land and water resources. Integrated hydrological models have the potential to support management decisions by providing information on system dynamics and change impacts (Abbott et al. ; Wheater ; Biondi et al. and environmental conditions, the underlying model concept of such models needs to be process-based, i.e. needs to represent the processes controlling lateral as well as vertical fluxes (Hughes ; Arnold & Fohrer ).
One of the most significant environmental problems occurring within the semi-arid south-western Cape region of South Africa is the process of soil erosion (Meadows ) . According to Meadows & Hoffman () the mean annual soil erosion caused by water in South Africa ranges from 0.8 to 4 tonnes per hectare (t ha À1 ), which may lead to severe land degradation. To prevent and reduce land degradation, contour bank farming (also called contour banking) is commonly practised as a management instrument of water and soil conservation works within the agricultural areas of the Western Cape Province. These earthen structures are constructed perpendicular to cultivated slopes, as well as at pre-determined intervals down slopes in order to reduce slope lengths, flow velocity of water and to intercept and prolong surface runoff before it causes erosion (Wakindiki et al. ) . Contour banks also channel surface runoff into stable waterways, natural depressions or grassed areas adjacent to a paddock (Department of Environment and Resource Management (DERM) ; Figure 1 ).
Contour bank channels have a small gradient (0.1-0.4%) to prevent channel flow reaching high and erosive velocities in non-vegetated areas. The distance between contour banks is usually determined by the local slope.
Other factors influencing the distance between contour banks are the soil type, the applied cropping practice and previous erosion events. According to DERM () and (b) demonstrated that the introduction of contour ridges in a semi-arid, medium-sized (18.1 km²) basin led to a decrease of catchment outflow by 50-80%, a reduction in peak discharge by 60-90% and the virtual disappearance of observed erosion. Similar results regarding the quantification of water holding capacities and efficiencies of benches in Tunisian catchments were reported by Nasri (), Leduc et al. () and Lacombe et al. () .
Some studies (Nasri ; Baccari et al. ) also showed that contour banks lose their efficiency in reducing runoff as a result of sedimentation and filling of the sinks over time.
Studies from Australia indicated that contour banks have trapping efficiencies ranging from 54 to 84% (compared to areas without contour banks) and therefore reduce the direct sediment transport into the stream (RPS ). It was also demonstrated that 10-40% of transported material is deposited on the hillslope before reaching the contour bank channel. Furthermore, Callow & Smettem () To minimise the detachment of soil particles from erosive runoff and the transport of the resulting soil material, farming utilising contour banks to prevent gully formation is applied as a land management technique within the catchment.
MATERIAL AND METHODS

Input data
Hydro-meteorological data for model input and calibration parameters were available from different sources. Since no climate station is located in the Sandspruit catchment, climate data from four nearby stations ( Figure 1) Figure 1 ).
All climatological time series were edited regarding homogeneity, consistency and gaps and corrected using regression analysis. As a result, corrected data sets were available for the hydrological years from 1986 to 2010.
Daily time series of river discharge [m 3 s À1 ] were available for the gauging station G1H043 (Vrischewaagd) ( Figure 2) .
Runoff records were also tested for homogeneity and consistency and corrected using regression analysis. In addition, non-continuous records of soil water and groundwater measured at several sites across the study area were available for model calibration and validation.
Geographic Information System (GIS) data are available for the study area from different sources, i.e. soils All relevant hydrological processes are implemented as individual process modules (Krause  The routing of water between adjacent HRUs is realised by using a multi-dimensional approach developed by Pfennig and Wolf (), and is an extension of the onedimensional approach introduced by Staudenrausch ().
Here, each runoff component generated on a single HRU is laterally connected either to a receiving HRU or to a A detailed description of all process modules of J2000 is given in Krause () and Krause () . Figure 3 gives () calculates the sediment yield (SY) from a rainfall event for each HRU by:
where Q surf is the volume of surface runoff in mm per hectare, q peak is the peak flow rate in m 3 per second, A HRU is the specific HRU area (ha). K is the soil erodibility factor, L is the slope length factor, S is the slope gradient factor, C is the cover and management factor, P is the support practice factor and ROKF is the coarse fragment content factor. For more theoretical information regarding the MUSLE the reader is referred to Williams ( To model and assess the impact of contour bank farming and its effect on erosion, the contour bank storage of each HRU needed to be calculated. As there is limited information available pertaining to the distribution of contour banks in the study area, the areas with contour banks as well as the lengths of contour banks per HRU, were determined using a GISbased approach. Since land use is the major reason for using contours, only HRUs under agriculture were considered for further analysis. Guidelines for the Western Cape region (Mathee ) recommend to farmers that the distance between contour banks should be calculated with
where V is the vertical distance between neighbouring contour banks (in metres) and S is the mean HRU slope (as a percentage). Applying this methodology to delineate the length of contour banks per HRU, revealed that the number and lengths of contours were highly over estimated in comparison to Google Earth images (Google Inc. ), field information and the topographical map of Porterville (Scale:
1:50000) (Staatsouteursreg ). This indicates that farmers rarely followed the given guidelines. However, tests in randomly selected HRUs were performed to identify the applied scheme for contour bank construction. From this information it was indicated that the highest agreement between calculated and real contour banks was reached using the formula:
The study also revealed that contour bank farming is widely restricted to slopes ranging between 6 and 18%.
Using these criteria the contours were calculated for all It was also possible to take into account special infiltration conditions for short duration and high intensity convective precipitation events. During dry periods, runoff is only controlled by subsurface components which are fairly balanced.
The basin runoff significantly increases at the beginning of the rainfall season in late April (Figure 5 ). At this time infiltration and the corresponding subsurface flow processes become the dominant controls of runoff generation. As shown in Figure 6 , the fast interflow (RD2) is the major source of catchment discharge during the winter rainfall season. It correlates strongly with the observed basin runoff ( Figure 5 ) and the storage dynamics ( Figure 7) . As visible in Figure 7 , a higher frequency of precipitation events and significantly higher quantities of precipitation (up to 35 mm/day) results in the rapid filling of the middle pore storage (MPS) of the generally sandy-loamy and loamy As a consequence of the saturation of the MPS, water is transferred to the LPS, which is the source of the lateral subsurface flow (RD2), as well as percolation into the groundwater.
It also appears that flow components generated in the saturated zone, play only a minor role due to high ET rates, infiltration excess flow, and filling of the large pore storage (LPS) during rain events that exceed 25 mm. As such, it can be stated that the relative contribution of slow interflow (RG1) and baseflow (RG2) to catchment runoff, will increase following an increase in precipitation and percolation. This increase in interflow and baseflow is therefore caused by an increased saturation of the soil-water storage during the winter rainfall season and the decrease of interflow and baseflow by the recession periods afterwards.
Applying the modified soil erosion module, a total soil loss of 5.89 t was predicted in the Sandspruit basin for 1990. The predicted sediment loss was limited to about 7% (10.6 km 2 ) of the basin area, in particular for those HRUs not managed by contour bank farming. The spatial assessment of the modelling results indicates that the range of soil loss varies between the HRUs depending on topography and soil characteristics (coarse fragment factor). The mean soil loss in areas without contour bank farming is 0.06 t ha À1 and the maximum soil loss is 0.41 t ha À1 . In terms of spatial Table 2 ).
The predicted catchment sediment yield is significantly increased by applying the model with the inactive contour bank module. The simulated sediment yield at the gauging station is 22 tonnes in total, a total increase of over 19 tonnes. Overall, for an area of 66.63 km 2 (10.67 km² with the active contour bank module) of the Sandspruit catchment, soil loss amounting to 33.98 tonnes (5.89 tonnes with the active contour bank module) is predicted. Figure 9 is an overview of the spatial ( shown, that the integration of the contour bank module led to a significant reduction in surface runoff along steep slopes, and consequently implies a significant reduction of soil loss from the affected areas, particularly during high pre- 
